Solid oxide fuel cells (SOFCs) have appeared as a promising technology for a wide variety of potential commercial applications to lessen the urgency of energy shortage and environmental pollution associated with using conventional fossil fuels. Among the worldwide SOFCs research activities, the progress of SOFCs fed with hydrocarbon fuels that contain trace amount of H 2 S is one of the most important research directions. Thereby, it becomes crucial to design novel electrode materials with enhanced catalytic activity, stability and tolerances to carbon deposition and sulfur poisoning. Lasubstituted SrTiO 3 (LST) based perovskite anodes have been widely investigated because of their high electronic conductivity in reducing atmospheres, excellent dimensional and chemical stability upon redox cycling and outstanding sulfur and coking tolerances. In this review paper, we will describe the development of LST-based anode materials for SOFCs in recent years. The synthesis, structure and fuel cell performance of the doped LST and LST-based composite anode materials are summarized in detail.
Introduction
Conventional fossil fuels are the main energy sources at present and for the foreseeable future. However, the energy sources of this type are limited in nature and non-renewable, which can lead to serious energy crises in the future. Also, the environmental problems associated with using conventional fossil fuels are causing public concerns and frequently appear as the headlines in various social media. Solid oxide fuel cells (SOFCs), on the other hand, have been considered as one of the most efficient and environmental-friendly technologies to tackle some of challenges that energy industry is currently facing. The distinguishing advantages of SOFCs include high energy conversion efficiency which is projected to be up to 60%
1 and great fuel exibility. In theory, SOFCs can be fueled by essentially any fuels ranging from gaseous hydrogen, hydrocarbons to solid carbon. A typical SOFC single cell is consisted of three major components: a cathode, an anode and a ceramic electrolyte which is usually a solid oxygen ionic conductor. On the cathode side, O 2 is reduced and incorporated into the electrolyte defects, namely oxygen vacancies, resulting in the formation of O 2À ions. These O 2À ions will be driven by the difference of chemical potential, which is established between the two opposite electrodes, to move through the electrolyte to the anode where they can oxidize the fuels. All the electrons generated during the electrochemical oxidation process will be released to the external circuit for power generation. Presently, one of the major concerns associated with utilizing hydrocarbon fuels in SOFCs is the anode catalyst coking and sulfur poisoning since H 2 S exists in most raw feedstock. The commonly employed Ni-based anode catalyst can be easily deactivated by carbon deposits and suffers irreversible sulfur poisoning. Although steam reforming and desulfurization enable the suppression of coking and H 2 S removal, these processes inevitably add the extra cost and complexity into the overall system. Therefore, intensive efforts have been devoted to developing novel anode catalysts.
In recent years, many excellent review papers have been published with focusing on cathodes, 2-4 electrolytes, [5] [6] [7] [8] interconnects, 9,10 sealants, 11,12 current collector materials, 13, 14 SOFCs models 15, 16 and other correlative studies 17, 18 about SOFCs. Also, a number of excellent review papers are available in the literature summarizing the progress of SOFCs anode catalysts.
LST-based anode. Meanwhile, the LST-based anode fabrication process, the relationship between microstructure and the fuel cell performance, and miscellaneous issues regarding to LST-based materials will also be discussed. A complete and comprehensive coverage of all the research activities on the LST-based anode materials may not be an easy task, therefore, this short review paper is meant to be a summary of most of the correlative research in recent years.
A brief overview of common anode materials for SOFCs
As described in the earlier review articles, 2, 20, 21 the general requirements for SOFCs anode materials should include: high electronic conductivity, excellent catalytic activity towards electro-oxidation of fuels, high ionic conductivity, chemical and thermal stability, adequate durability and compatibility with other SOFCs components, easy fabrication, and low cost. The other desirable properties are tolerances to carbon deposition or coking when using hydrocarbon fuels, 22 and to sulfur poisoning when using fuels containing H 2 S.
23,24
In general, the anode materials in SOFCs can be categorized as metal-based cermet, simple oxides, complex oxides and other alternative anode materials.
Advantages of the metal-based anode materials (e.g. Niyttria-stabilized-zirconia (Ni-YSZ)) include most requirements for anode materials mentioned earlier. However, the metalbased anode materials are easily poisoned by the trace impurities (e.g. H 2 S) in fuels, which could lead to serious fuel cell performance degradation. It has been revealed that Ni/YSZ anode supported SOFCs can only tolerate up to 1 ppm H 2 S and 10 ppm HCl without signicant performance degradation. 25 Carbon deposition, redox cycling instability and Ni agglomeration upon prolonged usage are the other major problems observed on Ni/YSZ anode. Recently, Ni and Cu-based cermet anode catalysts have been reviewed. 20, 21, 24, 26 Some metal-based anode materials such as Ir/Ce 0.9 Gd 0.1 O 2Àd , 27 Ni-Gd 0.1 Ce 0.9 O 2Àd 28, 29 have been reported. , introduction of La into the lattice requires that the lattice defect structure be modied to maintain electroneutrality. 52 At the same time, the introduction of La to Sr sites causes the formation of oxygen-rich planes, which will improve the ionic conductivity of LST.
20 La-substituted SrTiO 3 (LST) based anode materials have been widely investigated because of their high electronic conductivity in reducing atmospheres, outstanding dimensional and chemical stability upon redox cycling and excellent sulfur and coking tolerances.
LST-based anode materials
This section reviews the synthesis, structure, thermal and electrical properties, and fuel cell performance of LST-based candidates including LST, further doped LST and LST composite anode materials.
La x Sr 1Àx TiO 3
It is well known that LST materials sintered in reducing atmospheres cause a change in the titanium valence from Ti 4+ to Ti 3+ , thus enhancing the electronic charge carrier concentration. 51 Moos et al. 53 investigated the solubility of lanthanum in La x Sr 1Àx TiO 3 in oxygen-rich atmospheres. A pure strontium vacancy compensation mechanism was observed for lanthanum contents up to x ¼ 0.3. Above x ¼ 0.4, additional titanium vacancies form, but their concentration remains negligible compared to the predominating strontium vacancies. At x ¼ 0.5 and 0.6 the lattice structure was found to be slightly distorted.
LST-based materials used as potential anode for SOFCs were rstly investigated by Irvine et al. 54 in 1997. They found that single phase A-site decient perovskites La x Sr 1À3x/2 TiO 3Àd could be achieved in air at 0 # x # 0.6, and the materials remained at single phase under both high and low oxygen partial pressures at 930 C. As La content increased, the electrical conductivity also increased to as high as 7 S cm 69 Standard four terminal DC methods and electron-blocking method were applied to measure the total electrical conductivity and ionic conductivity, respectively. As A-site deciency level increased, the ionic conductivity increased but the electronic conductivity decreased (Fig. 2) The performances of fuel cells were compared using LST anode with that using Y doped SrTiO 3 (YST). 71 It was found that adding the extra electrolyte materials, such as YSZ, into the doped SrTiO 3 anode could improve cell performance, suggesting insufficient ionic conductivity of LST. Moreover, the electrical conductivity of YST was lower than that of LST at the same temperature. Recently, A-site decient Y 0.07 Sr 0.895 TiO 3 (YST) and La 0.2 Sr 0.7 TiO 3 (LST) were synthesized through spray pyrolysis method and compared for the electrical conductivity and chemical expansion. 72 Under same reducing conditions, YST had better chemical expansion, while LST had better conductivity. To accommodate both conductivity and redox stability, LST was sintered at 1400 C in air and reduced at around 1000-1200 C, they then became suitable candidates for full ceramic based SOFCs anodes. Computational prediction was also explored to study the properties of LST-based materials.
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Under the operating conditions of SOFCs, the chemical compatibility between the electrode materials and the electrolyte was a major concern. Burnat et al. 74 investigated the chemical interactions between common electrolyte materials and 20 wt% La doped Sr titanates with various A-site occupancy by SEM/EDX microscopy and XRD. It was found that all A-site decient LSTs promoted a reaction with Sc and YSZ, while stoichiometric LST was more stable.
From the above analysis, we can conclude the following. The maximal solubility of La in SrTiO 3 is 0.6. However, the common x in La x Sr 1Àx TiO 3 is 0.3 or 0.4. The structure will be distorted when the x exceeds 0.5. La-doped LST materials with a normal stoichiometry and A-site deciency are the two main candidates having been examined. Compared to the stoichiometric LST, Asite decient LST has higher conductivity but lower phase stability and chemical stability.
Doped La x Sr 1Àx TiO 3
The main disadvantages of LST anode materials are their low ionic conductivity and poor electrocatalytic activity. Presently, the two main methods of increasing the ionic conductivity and improving the fuel cell performance including doping LST with other metal ions and introducing of active second phase to LST to form composite anode.
3.2.1 A-site doped LST. Cerium-based compounds were particularly interesting since these materials were known to be highly active towards the direct oxidation of fuels. Périllat-Merceroz et al. 75 investigated the possibility of improving the catalytic and electrocatalytic properties of La 0. 33 
showed that the properties of the Ce-rich phase within LST network (LCST-ox) are greatly improved compared with pure LST and LSCT materials (Fig. 3b ). More importantly, this material maintained a high resistance to the carbon deposition. It was then considered that the LCST materials of this kind would be a promising anode material for SOFCs directly operating on slightly wet CH 4 . Vincent et al. 76 found that Ba partial substitution for Sr in LST (La 0.4 Sr 0.6Àx Ba x TiO 3 , 0 < x # 0.2 (LSBT)) could increase its ionic conductivity, catalytic activity to the oxidation of CH 4 and improve the stability of the LST structure. Fuel cells were fabricated using commercial YSZ disks (300 mm thick and 25 mm in diameter) as the electrolyte and the composited YSZ/LSM 50/ 50 wt% as the cathode. It was observed that all fuel cells using LST or LSBT had limited activity for the conversion of hydrogen and methane, and the activity increased with the level of substitution by Ba. Most importantly, the fuel cell performance was signicantly enhanced when H 2 S was present in either CH 4 or H 2 fuel. The different amount of La 0.4 Sr 0.5 Ba 0.1 TiO 3 was impregnated into porous YSZ by Vincent et al.
77 Fig. 4 compares the performance with the number of times LSBT was impregnated into porous YSZ. The temperature for each test was 850 C and the sequences of the fuels used were: H 2 , H 2 + 0.5% H 2 S, CH 4 + 0.5% H 2 S and CH 4 . The experiments clearly suggested that when the feed was CH 4 + 0.5% H 2 S, the power density was consistently higher than that in pure H 2 and pure CH 4 . Six impregnations provided maximum power density in all the fuels. The maximum power density was 84 mW cm À2 when the feed was CH 4 + 0.5% H 2 S, which was about 3.5 times of that when using pure CH 4 as the fuel. Based on the Ba-doped LST materials, Li et al. 78 found that pure BaTiO 3 anode had higher tolerance to carbon deposition, better electrochemical performance and much higher stability during long term operation compared to SrTiO 3 and La 2 Ti 2 O 7 anodes, especially in H 2 S-containing atmospheres.
In addition to the Ba-doping in Sr site, LST with Ca-doping in Sr site was also studied by Verbraeken et al. 79 The pure La 0.20 Sr 0.25 Ca 0.45 TiO 3 (LSCT) anode initially showed a poor performance. Then the LSCT was impregnated with ceria and nickel oxide to form different anode materials including pure LSCT, LSCT + 10 wt% CeO 2 , LSCT + 5 wt% Ni, LSCT + 10 wt% CeO 2 + 5 wt% Ni, LSCT + 8 wt% CeO 2 + 3 wt% Ni. When both nickel and ceria were added as impregnates, a drastic improvement of the anode performance was observed comparing to cases of impregnating with ceria only and pure LSCT. These new anodes also showed excellent stability upon redox cycling, and appeared as a promising alternative to Nicermet electrodes. Further studies were done on the structure and conductivity of a series of Ca-doping in A-site decient perovskite La 0. 82 and showed a n-type conductivity and high stability under reducing conditions. The perovskite electrodes were electrochemically active towards hydrogen oxidation, although the electronic conductivity (0. 
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The thermal stability was improved with decreasing Mn content. The electrical conductivity of a 10 wt% CeO 2 -50 wt% LSTM-YSZ composite anode was higher than that of a 50 wt% LSTM-YSZ anode and was stable under reducing conditions. The maximal power densities of 50 wt% LSTM-YSZ anode were less than 100 mW cm À2 over the entire measured temperature range. 99 The LSTN presented a metallic behavior aer reduction at 1200 C in H 2 .
The high-temperature treatment led to the precipitation of Ni nanoparticles on the surface and an improved electrical conductivity that may be due to the formation of excess Ti 3+ .
The obtained polarization resistance was 0.55 U cm 2 at 800 C under H 2 -H 2 O (97/3) using symmetrical cells. Ruiz-Morales et al. 100 has demonstrated the concept of inducing functionality through disorder of extended defects in LST. Mn was known to accept lower coordination numbers in perovskites and thus it may facilitate oxide-ion migration. Similarly Ga was well known to adopt lower coordination than octahedral in perovskite-related oxides. They further studied the Ga and Mn doped in Ti site for La 4 La 0.4 Sr 0.4 Ga x Ti 1Àx O 3Àx/2Àd (0 # x # 0.15) were chosen to study the improvement of n-type conductivity in perovskite oxides by enhancing bulk oxide ion mobility. 101 The study suggested that both oxygen deciency (d) and conductivity (s) of the reduced La 0.4 Sr 0.4 Ga x Ti 1Àx O 3Àx/2Àd were increased signicantly with Ga doping. The oxygen deciency was increased from 0.035 to 0.060 when Ga stoichiometry was enhanced from x ¼ 0 to x ¼ 0.15 aer reduction. The corresponding conductivity values were also increased with doping and showed a maximum conductivity of 50 S cm À1 for x ¼ 0.05. They also found that the Ga doping could promote a fast reduction of the samples and signicantly increase the stability of the reduced phase in oxidizing conditions at high temperatures. La 1Àx Sr x Sc 1Ày Ti y O 3Àd (LSST) was synthesized through a glycine nitrate process by Hatchwell et al. 102 A-site deciency led to an increased ionic conductivity over LSST. The highest total conductivity achieved for (La 0. 8 Fig. 6a and c . The elemental analysis on the core-shell SLTN0.1-12 mol% LSBC powders was shown in Fig. 6b . The shell LSBC nanoparticles adhered on the larger calcined SLTN0.1 core particles were distinguished, as shown in Fig. 6c . It indicated the element of Ce existed on the nanoparticles of the shell (Fig. 6e) , which further proved the core-shell formation. The Sr and Ti distributed over core-shell main body ( Fig. 6d and f) . The Sr and Ti mapping images indicated the core SLTN also existed below the nanoparticles except the large core as seen at the center of Fig. 6c . The power density increased three times by using the core-shell structural anode than that without using the core-shell anode in a half-cell test. This can be attributed to the increased the effective TPB sites and the reduced the interface thermal expansion and lattice matching, as well as extended the ionic conduction path from the LSBC electrolyte to the core-shell anode. The authors thought that the benets of core-shell structure include simple anode material and structure preparation for the anode without the tedious mixing or impregnation of secondary functional particles. It was also suggested that the core-shell structured anode could be applied in the design of other anode materials.
LST-based composite anode materials
Combining LST with other conductor or active catalyst to form a composite anode is an effective way to improve the conductivity and electrocatalytic performance. In this part of the review, the developments of the LST-based composite anode materials are summarized.
3.3. 107 The maximum power densities were 208 mW cm À2 at 973 K and 539 mW cm À2 at 1073 K using humidied CH 4 as fuel.
At the same time, the anode showed no evidence for carbon formation during an overnight exposure to CH 4 . They also found that the functional layer could be prepared by impregnation of 1 wt% Pd and 10 wt% CeO 2 into porous LST and YSZ. 108 This strategy allowed much greater exibility in electrode design to include different layers. Furthermore, the performance of the LST + Pd-doped CeO 2 in YSZ was considered to be only modest. The conductivities of composites with 35 vol% LST were only 0.1 S cm À1 at 1173 K in humidied H 2 , more than 200 lower than the value reported for bulk LST. 109 LST was added to porous YSZ by inltration method to form LST-YSZ composite anode materials. 110 The conductivity of this composite depended strongly on the pretreatment conditions but was greater than 0.4 S cm À1 aer being heated to 1173 K in humidied H 2 . With the addition of 0.5 wt% Pd and 5 wt% CeO 2 , the maximum power density of LST-YSZ composite anode materials increased from less than 20 to 780 mW cm À2 for operating in humidied H 2 at 1073 K. Hill et al. 111 investigated the electrochemical conversion pathway of CH 4 on Ni/YSZ and La 0.3 Sr 0.7 TiO 3 bi-layer anode materials in details. They found that the pathway include the CH 4 decomposition and subsequent oxidation C and H 2 , which strongly depended on the anode polarization. Based on the LST-CeO 2 composite anode materials, different doped CeO 2 including GDC (Gd-doped CeO 2 ), YDC (Y-doped CeO 2 ), SDC (Sm-doped CeO 2 ), LDC (La-doped CeO 2 ) etc. were further explored as the additive to improve the performance of LST-based anode materials.
The addition of GDC to LST has been proved to be an efficient way to improve the performance of the cell in the above mentioned work. 83, 94, 97 Dense and porous A-site decient La 0.2 Sr 0.7 TiO 3 were prepared by Savaniu et al. 112 Two types of fuel cells, electrolyte supported and anode supported, were produced using YSZ as the electrolyte, porous LST impregnated with Ce 0. 8 113 GDC could provide the ionic conduction path whereas the small amount of Ni would enhance the catalytic activity. The polarization resistance (R p ) of LST-GDC anode was greatly reduced relative to that of pure LST anode. When Ni was impregnated into LST-GDC composite, the R p value was further reduced to 1 U cm 2 at 800 C in humidied H 2 (Fig. 7) , which was $10% of that for pure LST anode. The maximum power density of the single cell with LST-GDC + Ni anode was about 275 mW cm À2 at 800 C, much larger than (YDC) was also explored as the additive to LSTbased composite because of its high ionic conductivity and catalytic performance. It was found that La 0.4 Sr 0.6 TiO 3AEd (LST) and YDC composite was a stable, high performance material for use as anode in SOFCs fed by 0.5% H 2 S-containing syngas, whereas pure CeO 2 was not chemically stable using the same fuel.
117 Moreover, both LST and YDC were synthesized using citrate-nitrate gel combustion method. 118 The obtained LST and YDC powders were ball-milled and calcined to obtain the LST-YDC composite anode. The maximum power densities at 850 C were 169, 102 and 39 mW cm À2 when the cell was fueled with syngas having 0.5% H 2 S, pure syngas and 0.5% H 2 S balanced with Ar, respectively. Gas chromatographic and mass spectrometric analyses revealed that the presence of H 2 S improved the rate of fuel electrochemical oxidation while H 2 S itself was not converted and its oxidation was not the source of the enhanced performance. The colloidal solutions of NiO-SDC, NiO-YSZ, and YSZ were sequentially dropped and coated onto the LST pellets. The obtained LSTsupported SOFCs showed improved stability against coking in natural gas, compared with conventional Ni-YSZ anode-supported SOFCs. There was no long-term degradation in H 2 fuel with 50-100 ppm H 2 S, and no degradation during redox cycling. However, the maximum power density was decreased from 850 mW cm À2 to about 700 W cm À2 when the fuel was changed from dry H 2 to dry H 2 containing 100 ppm H 2 S, which further indicated the poor sulfur tolerance of Ni-based catalyst. Besides the CeO 2 -based oxide, the addition of Bi 2 O 3 into LST was also reported to be able to signicantly reduce the fuel cell's polarization, rene the grains, increase the triple phase boundary, and then to improve the electrochemical performance. 
Exsoluted nanoparticles from doped LST.
Certain doping elements in LST were not stable in reducing environment at elevated temperature. They tended to exsolute from the LST matrix and form nano-scale electrocatalytic active particles which promoted the anode performance considerably. As mentioned in the above doped LST-based materials, different nanoparticles such as electrocatalytic active nano Ce-rich phase 75 (see Fig. 3 
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Although the nanostructured electrocatalytic active composition exsoluted from the doped LST matrix is a potential way to form high performance LST composite anode. The effective control of the exsoluted particle quantity and the prevention of their aggregation at high temperature are crucial and remain to be solved in future research. In addition, the LST-based composite anode materials including Ni nanoparticles could not be used directly for the hydrocarbon fuel because of their poor carbon resistance character.
LST synthesis methods
Overview of all the LST materials covered in this review suggests that conventional solid state method [53] [54] [55] [56] [57] [58] [59] [60] [62] [63] [64] [65] [66] [67] 71, 76, [78] [79] [80] 85, [90] [91] [92] [93] [94] [95] [96] 100, 101, 108, 115, 116, 119, 120 was still the main route to prepare LST materials due to its simplicity and relatively low processing cost. However, the solid state method needs a long period of time to facilitate the diffusion at high temperature (usually >1200 C). The obtained products were oen coarse and agglomerated, exhibiting limited purity and homogeneity. Therefore, the new approaches for the development of nano-structured electrodes are needed and some so ways have drawn increasing attentions in recent years. 125 The other different routes to synthesize LST-based materials include Pechini route, 70, 74 to synthesize LST-based materials. The LST powders obtained through the above so methods have small particle size and narrow size distribution or porous structure which would enlarge the TPBs and then improve the performance. Recently, Birol et al. 126 reviewed the cellulose-assisted glycine nitrate process of preparing ceramic nanoparticles. Some other so methods such as co-precipitation method, 127 sol-gel route 128 and rheological phase reaction 129, 130 were the potential techniques to synthesize LST-based anode materials.
For the synthesis of LST composite anode materials, the common way was to mix pure LST with other materials automatically. 62, 74, 106, 108, 113, 114, 120, 137 Impregnation or inltration technology 107, 110, 112, 116 was another commonly used and effective way to add the active components to the LST materials. Combination of the combustion method and automatical mix, 118 colloidal deposition technique 119 were also applied to blend LST and other materials. Exsolution method was a compellent way to obtain LST-based anode materials 76, 92, 96, 99, [121] [122] [123] and would be further explored in the future work. Table 1 summaries the conductivities of selected LST-based anode materials. We can see that the pure SrTiO 3 has a low ionic conductivity. The co-doped La and other metal ions in A-site and B-site doping can obviously improve the conductivity. The type of doping element and the doping quantity should be experimentally optimized in the future work. 4. H 2 S-induced enhancement for electrochemical reaction on LST-based anode materials H 2 S is a common impurity in many industrial feedstocks such as coal derived syngas and raw natural gas. Although H 2 S may serve as an increasingly signicant source for sulfur production, it is a major industrial pollutant that is toxic and corrosive. Direct electrochemical conversion of H 2 S in SOFCs would offer both economical and environmental benets. [131] [132] [133] [134] [135] It is known that even trace amount of H 2 S could lead to severe performance degradation of the fuel cells when using Ni-based anode materials. [24] [25] [26] Therefore, a series of LST-based anode materials have been developed in our lab, which showed not only a high H 2 S poisoning resistance and high chemical stability but also a H 2 S-induced enhancement effect for electrochemical reaction when using a fuel containing H 2 S.
Conductivity and performance of LST-based anode materials
The sulfur tolerance of La 1Àx Sr x BO 3 /YSZ anodes (B ¼ Mn, Cr, and Ti) was examined at 1273 K in a H 2 /H 2 O fuel using YSZ electrolyte, LSM cathode. 136 The study indicated that the La 0.4 Sr 0.6 TiO 3 anode showed no degradation in the presence of up to 5000 ppm of H 2 S in H 2 . It was found that the performance of the fuel cell improved signicantly in the presence of 5000 ppm of H 2 S especially at the higher current densities. But the reason for this improvement was not clear in this work. The sulfur tolerance of the perovskite-based anodes decreased in the order La 0.4 Sr 0.6 TiO 3 (LST) > La 1Àx Sr x CrO 3 (LSC) > La 1Àx Sr x Mn y Cr 1Ày O 3 (LSCM). Table 3 compares the fuel cell performances of LST-based anode materials when the fuel contained trace amount of H 2 S. It is clearly shown that the performance was dramatically improved when H 2 S was present in the fuels such as . This can also be observed clearly in Fig. 8 . In ref. 119, the performance was decreased when using the dry H 2 containing 100 ppm H 2 S, which could be attributed to the poisoning of Ni-based active catalyst in LST-based composite anode.
A series of experiments were designed to systematically investigate the electrochemical performance and compositions of anode gases to explore the mechanism of the signicant performance enhancement with H 2 S presence in either CH 4 or H 2 fuel. La 0.4 Sr 0.6 TiO 3Àd was mixed with commercial YSZ power with a 50/50 weight ratio to form the anode materials.
137 Platinum paste was used as the cathode and the current collector. Electrolyte was the commercial YSZ dicks. The power density improved dramatically from 2 mW cm À2 with pure CH 4 as fuel to more than 450 mW cm À2 for CH 4 containing 20% H 2 S (Fig. 8) . From thermodynamic calculations and mass spectroscopic data obtained at different potential stages during a regular potentiodynamic run, it was concluded that H 2 S was not the only fuel converted, and its interaction with CH 4 was the key factor for the enhancement of performance. The anode effluent gas mixture included H 2 S, SO 2 , H 2 and CS 2 , which was consistent with thermodynamic predictions. The conclusion was that H 2 S had a synergistic effect on CH 4 oxidation, i.e., CH 4 and H 2 S must not be considered as two separate fuels. H 2 S actually ran as a powerful promoter for fuel electro-oxidation. At low current density, there was a rapid conversion of surface species, whereas at high current density there was a mass transfer blocking effect from build-up of the surface intermediates. The predominant form of sulfur in the gas phase was H 2 S previously presented. There was at least 3% H 2 in the mixture. CH 4 conversion proceeded via rapid formation of syngas, and the reaction path probably included CS 2 and other sulfur species. The selectivity of the obtained products could be controlled by adjusting the applied voltage. In order to further explore the mechanism of the H 2 S enhancement effect in details, in situ technologies such as in situ Raman, 138 in situ XPS 139 etc. were recommended to be applied in the eld in the future work.
Conclusions
The recent progress in the eld of LST-based anode materials in SOFCs are summarized. Although pure LST had very limited activity for oxidation of H 2 S-free fuels, it exhibited superior balance between high chemical stability in sulfur/carbon environment and adequate electrical conductivity compared to other anode candidates. Thus it could be used as an anode matrix material and its properties could be further tailored depending on the fuel selected. Doping and composting of LST are the most effective ways to increase the ionic conductivity and the electrocatalytical activity of LST-based anode. Future work on the LST-based anode materials in SOFCs can focus on the following aspects: (1) Exploring new methods to synthesize LST materials, doping LST with appropriate elements in different site, impregnating, mixing or coating nano-structured ionic conductor or exsoluted electrocatalytical active nanoparticles to LST anode. (2) Combining LST-based materials with other catalytic active material to form LST-based composite anode materials using impregnation, inltration technique or some other new methods. The added secondary phases should sustain sufficient thermal stability at elevated temperature. (3) Exploring the fuel conversion mechanism of LST-based anode especially the H 2 S-induced enhancement effect for electrochemical reaction using in situ experimental technologies.
